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ABSTRACT
Zinc is a useful surrogate element for measuring Fe/H as, unlike iron, it is not depleted
in the gas phase media. Zn/H and O/Zn ratios have been derived using the [Zn IV]
emission line at 3.625µm for a sample of nine Galactic planetary nebulae, seven of
which are based upon new observations using the VLT. Based on photoionization
models, O/O++ is the most reliable ionisation correction factor for zinc that can
readily be determined from optical emission lines, with an estimated accuracy of 10%
or better for all targets in our sample. The majority of the sample is found to be
sub-solar in [Zn/H]. [O/Zn] in half of the sample is found to be consistent with Solar
within uncertainties, whereas the remaining half are enhanced in [O/Zn]. [Zn/H] and
[O/Zn] as functions of Galactocentric distance have been investigated and there is
little evidence to support a trend in either case.
Key words: planetary nebulae: general; Galaxy: bulge, stars: abundances; ISM:
abundances; astrochemistry
1 INTRODUCTION
Iron has been shown to be heavily depleted from the gaseous
form in ionised media through both optical (Delgado Inglada
et al. 2009; Shields 1975) and infrared observations (Likkel
et al. 2006). In planetary nebulae it can be depleted by more
than 90% (Delgado Inglada et al. 2009). As shown in Ster-
ling et al. (2005), depletion may be not be uniform through-
out a planetary nebula. Iron depletion is also seen in many
environments in the interstellar medium (ISM) (McDonald
et al. 2010; Savage & Sembach 1996). Therefore deriving
iron abundances of planetary nebulae through direct ob-
servations of iron will not result in an accurate elemental
abundance for the precursor star.
Zinc, of which there are five different natural isotopes,
exists most abundantly as
64
Zn and is predominantly cre-
ated in two processes: the alpha rich freeze-out of supernovae
and the s-process (Clayton 2003; Woosley & Weaver 1995).
The condensation temperature of zinc is 684 K which is sig-
nificantly lower than that of the other iron-peak elements
which range from 1170 K for Cu to 1600 K for Ti, with iron
itself having a condensation temperature of 1337 K (Lodders
& Fegley 1998). This low condensation temperature means
it is significantly less likely for zinc to condense into solids
in the progenitor star’s envelope than it is for iron.
Zinc abundances and depletion in the interstellar
medium have been widely studied over the past several
decades (e.g. Morton 1975). In warm, low-density regions
?
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of the interstellar medium, zinc has been shown to be de-
pleted by 0.0-0.2 dex (Savage & Sembach 1996; Welty et al.
1999).
The abundance of zinc over a wide range of metallicities
within the Milky Way was studied by Sneden et al. (1991)
by examining a large sample of field and globular cluster
stars. The Zn/M abundance was shown to be constant over
a wide range of M/H, where M/H is defined as the average
metallicity of the star derived from observations of Fe and
Ni. There have been some recent studies which find some dis-
crepancies between Zn and Fe abundances in Galactic stars:
Prochaska et al. (2000), for example, find a mean enhance-
ment of [Zn/Fe] to be 0.093 ± 0.025 from a sample of ten
thick disk stars and Chen et al. (2004) find [Zn/Fe] to be
unenhanced in a sample of five alpha-poor halo stars but en-
hanced by 0.15 dex in a sample of ten thick disk stars. How-
ever, these are based upon much smaller samples than that
studied by Sneden et al. (1991). Saito et al. (2009), report
measurements of [Zn/Fe] of a sample of 35 stars to be Solar
to within uncertainties over the range −2 < [Fe/H] < 0.
Saito et al. (2009) also combine their measurements with
that of 399 literature stars with the resulting sample cover-
ing the range −4.5 < [Fe/H] < 0.5. [Zn/Fe] was found to be
consistent with solar in the ranges −2 < [Fe/H] < +0.5 to
within the measured standard deviation.
In planetary nebulae, the 3.625 µm [Zn IV] line is well
suited to abundance derivation as it lies between two hydro-
gen Humphreys series emission lines (3.646 µm and 3.607
µm) and less than 0.125 µm away from the much stronger
Pfund series emission line at 3.741 µm. Zn
3+
, in contrast
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to most of the abundant Fe ions in nebulae, has a sparse
energy level structure in its ground configuration, making
the 3.625 µm line relatively strong. The 3.625 µm line is
the only emission line of zinc observed in the infrared in
planetary nebulae.
The 3.625 µm [Zn IV] line was first identified by Diner-
stein & Geballe (2001) in spectra taken using CGS4 on the
UK Infrared Telescope (UKIRT) of NGC 7027 and IC 5117.
They find the central wavelength, after corrections for the
Earth’s orbital motion, to be within uncertainties of that
predicted for the Zn
3+ 2
D3/2 −2 D5/2 transition. They con-
sider alternative identities of the line from nearby transi-
tions of H2 or Cu
4+
. In the case of H2, this is ruled out
on the basis of the observed wavelength of the line. The
4
F5/2 −4 F9/2 Cu4+ transition was deemed less likely than
the
2
D3/2 −2 D5/2 transition of Zn3+ due to the lower ele-
mental abundance, stronger depletion and higher ionisation
state of the former species.
Dinerstein & Geballe (2001) presented the procedure for
deriving Zn
3+
/H
+
from their measurements. However, since
the collision strength of the Zn transition was not known
at the time, their abundance estimates were necessarily ex-
pressed in terms of the value of this parameter (their equa-
tion 4). After correcting for the presence of other ions of
zinc, elemental Zn/H can be determined. Dinerstein & Ga-
balle suggested that such Zn/H values are excellent tracers
of the total Fe/H abundances and that [Zn/H] can be used
as a surrogate for [Fe/H], in view of the minimal depletion of
Zn and the fact that Zn closely tracks Fe over a wide range
in metallicity.
Small contributions of the elemental abundance of zinc
are expected from nucleosynthesis in AGB stars. The models
of Karakas et al. (2009) show this enhancement of Zn over
the course of a star’s time on the AGB is small: only the
very low metallicity models show [Zn/Fe] > 0.1, and the
majority of the remaining models show [Zn/Fe] < 0.05. Thus
the measured abundance of Zn in planetary nebulae will, in
general, reflect the abundance of Zn of the progenitor star.
The ability to determine meaningful Fe/H values in neb-
ulae is important because Fe/H is the most widely used
index of metallicity in stars; therefore by determining un-
depleted Fe/H ratios, reliable metallicities of the precursor
stars of the planetary nebulae can be determined. By ex-
amining the O/Zn ratio as a proxy for O/Fe, α-element en-
hancement in these objects can be assessed.
The remainder of this paper will detail measurements
of zinc abundances of a sample of planetary nebulae using
the 3.625 µm emission line, and the extrapolated iron abun-
dances.
2 OBSERVATIONS AND DATA REDUCTION
Nine planetary nebulae, five of which are Galactic bulge neb-
ulae, were observed using ISAAC (Infra-red Spectrometer
And Array Camera, Moorwood et al. (1998)) on UT3 at
ESO Paranal, Chile between 28/05/2012 and 30/05/2012.
These nebulae were selected from the Catalogue of Galac-
tic Planetary Nebulae (Acker et al. 1992) and were chosen
based upon their galactic position, size of the nebula (< 5”
in diameter), brightness, excitation and the intensity of the
O III emission lines.
Our program was designed to target planetary nebu-
lae belonging to the Galactic bulge. However, four nebulae
not belonging to the bulge, namely PNG 019.7+03.2, PNG
040.4–03.1, PNG 023.0+04.3 and PNG 049.3+88.1 were ob-
served as back-up targets when high winds caused point-
ing restrictions during part of the run. The last two objects
yielded no detections or useful limits, and are not discussed
further. Of the nine nebulae observed, seven were detected
in the 3.625 µm line including five bulge sources.
The observations used the Long Wavelength Spectrom-
eter using the jiggle-nod method, with on-source exposure
times of 30-60 minutes. The slit length was 120 arcsec, the
slit width used was 1 arcsec. The wavelength coverage was
3.55-3.80 µm and the resulting resolution was R = 2000.
Nodding was done along the slit, with nods of 15 to 30 arc-
sec depending upon the source being observed. This results
in the source being in the field of view at all times during
the observation, reducing the required observing time whilst
still allowing background subtraction to be carried out ef-
fectively. The slit was aligned through the brightest portion
of the nebulae and in most cases included more than 50%
of the object, due to their small angular size. The position
angle of the slit was 0
◦
for all observations.
The detector spectral coverage in this wavelength do-
main and at this resolution is 0.255 µm, allowing the [Zn
IV] emission line to be observed concurrently with five lines
from the Humphreys series of hydrogen (n=21-6 to n=17-6)
and one Pfund series hydrogen emission line (n=8-5, hence-
forth H8−5).
The data were reduced using the jiggle-nod recipes pro-
vided by the ESO common pipeline library, including flat
fielding. The wavelength calibrations were done using arc
lamp lines rather than sky lines, as recommended in the
ISAAC user manual, due to there being no usable sky emis-
sion lines within this wavelength range.
The data were relative flux calibrated using the tel-
luric standard stars observed with each planetary nebula
observation. These telluric standard stars are almost exclu-
sively B-type stars taken from the Hipparcos Catalogue
1
,
and are listed in Table 2. Their stellar types are well doc-
umented and, from these types, an effective temperature of
each star could be estimated. In this spectral region, these
stars are well described by blackbody distributions calcu-
lated from their effective temperatures. The correction func-
tion to apply across the spectrum was calculated by divid-
ing the blackbody function of each of the standard stars by
the observed telluric stellar spectrum, after the removal of
stellar spectral features, and normalising. The difference be-
tween the calibration using the B-type stars and the K-type
stars is that extra features exist in the spectra of the B-type
stars that must be removed before the correction function is
calculated. The observed planetary nebulae data were then
multiplied by the normalised functions to produce relative
flux calibrated data. One nebula was observed twice and its
two resulting relative flux calibrated spectra were averaged.
There was no significant difference in the intensities of the
two spectra. We estimate the relative flux calibrations to be
accurate to 5-10%.
1
ESA, 1997, The Hipparcos and Tycho Catalogues, ESA SP-
1200
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Table 1. Basic information and literature parameters for each source. Angular diameters are in arc seconds, where
opt
indicates values
derived from optical observations and
rad
denotes values derived from radio observations (Acker et al. 1992). The first seven nebulae are
those with new observations, and the remaining two are from Dinerstein & Geballe (2001). References for optical spectra and central
star effective temperatures are listed in column 11.
PNG Name RA Dec Ang. dia. Tstar Te(O III) Ne(S II) O/H O
++
/O Ref.
(arcsec) (×104 K) (×104 K) (×103 cm−3) (×10−4)
004.0− 03.0 M 2-29 18 06 40.86 −26 54 55.95 3.6opt 7.6 1.9± 0.3 3± 3 0.3+0.1−0.2 0.9+0.5−0.8 1 ,2
006.1 + 08.3 M 1-20 17 28 57.61 −19 15 53.94 1.9rad 7.9 1.01± 0.02 6+3−1 3.4± 0.3 0.93± 0.13 3 ,2
006.4 + 02.0 M 1-31 17 52 41.44 −22 21 57.00 7.0rad 5.8 0.76± 0.04 8+4−1 7.7± 1.6 0.94± 0.28 4 ,2
006.8 + 04.1 M 3-15 17 45 31.71 −20 58 01.57 4.2opt 7.9 0.85± 0.02 5+3−1 6.0± 0.7 0.96± 0.16 4 ,2
019.7 + 03.2 M 3-25 18 15 16.97 −10 10 09.47 3.9opt 5.2 1.09± 0.03 14± 1 3.9± 0.4 0.82± 0.11 5 ,6
040.4− 03.1 K 3-30 19 16 27.70 +05 13 19.40 3.3rad - 1.0a 10.0a 3.9a 0.80a -
355.4− 02.4 M 3-14 17 44 20.62 −34 06 40.60 2.8rad 7.9 0.87± 0.04 3.4± 0.2 6.5± 0.1 0.73± 0.03 7 ,2
084.9− 03.4 NGC 7027 21 07 01.59 +42 14 10.18 14.0opt 18.0 1.25± 0.04 13+10−3 3.9± 0.5 0.67± 0.01 8 ,9
089.8− 05.1 IC 5117 21 32 30.97 +44 35 47.5 1.5rad 12.0 1.25± 0.04 16+11−4 2.7± 0.3 0.94± 0.13 10 ,10
1: Exter et al. (2004); 2: Gesicki & Zijlstra (2007); 3: Wang & Liu (2007); 4: Go´rny et al. (2009); 5: Go´rny et al. (2004); 6: Kondratyeva
(2003); 7: Cuisinier et al. (2000) ; 8: Zhang et al. (2005); 9: Pottasch & Bernard-Salas (2010); 10: Hyung et al. (2001).
a: adopted value
Absolute flux calibrations are not required for the anal-
ysis done here because both the hydrogen and zinc lines are
contained within the same spectrum and only the ratio of the
two is required to derive the zinc-to-hydrogen abundance.
The spectra of sources with detections of the [Zn IV]
line and several H I lines are shown in Fig. 1. Two spectral
ranges are shown for each source so that the intensity of
both the H8−5 and [Zn IV] lines can be clearly seen.
In order to measure the integrated line intensities for
abundance calculations, the spectra were first smoothed,
then a straight-line background level was fitted and the in-
tegrated intensities of lines measured, after correcting for
obvious noise spikes. The abundance calculations were then
carried out as described in Section 3.
2.1 Literature data
The [Zn IV] 3.625 µm emission line was first identified by
Dinerstein & Geballe (2001) through observations of NGC
7027 and IC 5117. We include these observations, using
the newly calculated values of the energy averaged collision
strength, in order to compare the results from the new sam-
ple of nebulae to that of results obtained from well-studied
nebulae, calculated using the same method as for the new
sample.
The observations of Dinerstein & Geballe (2001) con-
tained the 3.625 µm emission line as well as two lines of hy-
drogen from the Humphreys series (n=20-6, 3.607 µm and
n=19-6, 3.646 µm, hereafter H20−6 and H19−6), but did not
include the stronger H8−5 line which we use for the new
sample due to its higher intensity.
The ISO archive was also searched for further observa-
tions covering the 3.625 µm wavelength range. NGC 7027 is
the only planetary nebula observed at sufficient resolution
to identify the [Zn IV] emission line: TDT=02401183 taken
from Sloan et al. (2003), shown in Fig. 2. Both the [Zn IV]
and H8−5 lines are visible, although at much lower resolu-
tion than the spectra in Dinerstein & Geballe (2001). There
were no new detections of [Zn IV] in other planetary nebulae
found within the ISO archive.
3 ABUNDANCE DERIVATION
In order to calculate zinc abundances from observed line in-
tensity ratios, a number of calculations must be carried out.
First, the emissivities of the lines must be calculated, then
the ionic abundances may be derived. The unobserved ions
must be accounted for using a suitable ionisation correction
factor before the elemental abundances can be calculated.
3.1 Determination of physical parameters
Basic information about each new source detected in zinc
is shown in Table 1 as well as the two nebulae previously
observed by Dinerstein & Geballe (2001). Tstar was quoted
from the second reference in column 11 and the angular
diameters are taken from Acker et al. (1992). Te(O III),
Ne(S II), O/H and O
++
/O were calculated from the optical
spectra published in the first reference in column 11 using
the Nebular Empirical Analysis Tool (NEAT, Wesson
et al. (2012)). NEAT uses the Kingsburgh & Barlow (1994)
ICF scheme. Further technical details of the code, including
error propagation and sources of atomic data, may be found
in Wesson et al. (2012). The number of lines used as input
varied from source to source, depending upon the available
literature spectra. NGC 7027 had the largest input line list
(227 lines in the wavelength range 3327.1–8727.2 A˚) and
PNG 019.7 + 03.2 had the smallest input line list (14 lines
in the wavelength range 4340.4–7330.2 A˚). All lines pub-
lished in the listed reference that are recognised by NEAT
were used, and a full list of lines is available in each source’s
corresponding reference (column 11).
There was not a sufficiently complete set of emission line
fluxes for PNG 019.7+03.2 in the literature to successfully
apply the NEAT package, nor to derive Te(O III) directly, so
the value listed in Column 7 of Table 1 is Te(N II). Using a
© 2013 RAS, MNRAS 000, 1–??
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Figure 1. Spectra of all sources with detections or borderline detections of the [Zn IV] line. The spectra have been background subtracted
and subsequently smoothed, except that of PNG 355.4-02.4 which had a noise spike in close proximity to the [Zn IV] emission line and
thus was not smoothed.
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Figure 1 – continued
published sample of 51 planetary nebulae from Go´rny et al.
(2009) with derived Te(N II) and Te(O III), it is possible to
extrapolate a Te(O III) from the available Te(N II) value us-
ing a straight-line fit to their data. This would predict Te(O
III)=1.05×104 K for a Te(N II)=1.09×104 K. As these val-
ues are so similar, the effect on the emissivities is negligible,
therefore Te(N II) is used for the remainder of the paper.
PNG 040.4 did not have sufficient optical data available
in the literature to derive the required parameters. Therefore
typical nebular parameters of 10
4
K and 10
4
cm
−3
were
adopted for Te(O III) and Ne(S II) respectively, and typical
values of O/H and O
++
/O for our disk nebula sample were
assigned.
3.2 Line emissivities
Hydrogen emissivities are available as an extensive data
list and an interpolation program from Storey & Hummer
(1995). The H8−5 at 3.741 µm is the strongest hydrogen line
in our observed wavelength range, and is therefore the most
appropriate line to use in the calculations. Using Te(O III)
and Ne(S II) listed in Table 1, the interpolation code was
used to give more accurate H8−5 emissivities. For NGC 7027
and IC 5117, the H20−6 and H19−6 lines were used and their
emissivities determined in the same manner as for H8−5.
[Zn IV] line emissivities are not available in the liter-
ature and must be calculated. Using the methodology de-
scribed in Dinerstein & Geballe (2001) in the low-density
limit and new collision strengths, Υ, integrated over the elec-
tron energy distribution at temperature Te (Keith Butler,
© 2013 RAS, MNRAS 000, 1–??
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Figure 2. ISO spectrum of NGC 7027, TDT: 02401183, taken
from Sloan et al. (2003).
priv. comm.), the emissivity of the [Zn IV] line, ε(Zn IV),
can be calculated using:
ε(Zn IV) = exp
(
−∆Eul
kTe
)
hνulβΥ
gl
√
Te
(1)
where gi is the statistical weight of level i and ∆Eul is the en-
ergy of the transition u−l. β is defined as
√
(2pih¯
4
)/(m
3
ek) =
8.629× 10−6 (cgs units).
The energy-averaged collision strengths were calculated
over a grid of electron temperatures ranging between 5000
K and 25000 K (Keith Butler, priv. comm.). The energy-
averaged collision strengths were interpolated to the electron
temperatures of each source using a power law.
The use of the low density limit can be shown to be jus-
tified by deriving the critical density, ncrit, for which the rate
of collisional de-excitations equals the rate of spontaneous
decays:
ncrit([Zn IV]) =
Aul
qul
=
(
Aulgu
βΥul
)√
Te
= 1.4× 107
√
Te
10
4
K
cm
−3
(2)
where Aul=0.43 s
−1
, gu=4 and Υul=1.4. As shown in Table
1, the nebular densities are much lower than that of ncrit,
thus the use of the low-density limit is well-justified.
3.3 Ionic abundances
After measuring the integrated line intensity ratios of [Zn IV]
and H8−5, calculating the ionic abundance ratios is carried
out using:
Zn
3+
H
+ =
F ([Zn IV])
F (H8−5)
ε(H8−5)
ε(Zn IV)
where F (i) is the flux of transition i, given in Table 3. Ex-
tinction effects are negligible in this wavelength range, so
need not be considered.
Table 2. Telluric standards for each source, including their spec-
tral type and effective temperatures, taken from the Hipparcos
Catalogue.
PNG Telluric Standard Spectral Type Teff (K)
004.0−03.0 Hip088012 B3II/III 17000
006.1+08.3 Hip076243 B6IV 14000
006.1+08.3 Hip085442 B9.5IV 9790
006.4+02.0 Hip085442 B9.5IV 9790
006.8+04.1 HIP085355 K3Iab 4420K
019.7+03.2 HIP085355 K3Iab 4420K
040.4−03.1 Hip095732 B6III 17100
355.4-02.4 Hip089439 B0/1Ia/ab 26000
Figure 3. Fractional ionisation abundance of zinc from Cloudy
models. This model: Tstar = 10
5
K.
3.4 Ionisation correction factors
To convert the ionic abundances into elemental abundances,
it is necessary to correct for those ions of that species that
are not seen. For hydrogen, it is assumed that all H is present
as H
+
, however this is not the case for Zn.
In order to examine the ionization correction factor re-
quired for zinc, as well as the dominance of the Zn
3+
ion,
we have run a grid of Cloudy (v 13.01) photo-ionization
models (Ferland et al. 2013). The grid of models were given
solar abundances and spherical geometry. Luminosity, initial
radius and hydrogen density were set as log(Ltot[erg/s])=38,
log(Rinitial[cm])=17 and log(nH[cm
−3
]) = 4. The central
star’s radiation field was assumed to be a blackbody with
temperatures ranging from 2× 104 K to 4× 105 K.
At central star temperatures between 6 × 104 K and
1 × 105 K, Zn3+/Zn > 0.9 at most depths, where depth
is defined as the distance from the illuminated face of the
nebular cloud. When the depth into the cloud is small, the
fractions of zinc in other ions becomes significant, as shown
in Fig. 3. The dominance of Zn
3+
also does not hold when
examined at temperatures smaller than 6×104 K and greater
than 1× 105 K.
These models also show that over the range of central
star temperatures 5× 104 K to 1.5× 105 K, the fraction of
zinc in the Zn
3+
ion is closely mapped by the fraction of
oxygen present as O
++
, which is the dominant oxygen ion
over the same temperature range, as shown in Fig. 4 and 5.
O
++
/O has been determined for the majority of our sample
© 2013 RAS, MNRAS 000, 1–??
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Figure 4. Fractional ionisation abundance of oxygen from
Cloudy models. This model: Tstar = 10
5
K.
Figure 5. Fractional abundances of O
++
and Zn
3+
over the
central star temperature range 4 × 104 K to 4 × 105 K. Dotted
vertical lines indicate the central star temperatures of the sample
nebulae.
from optical observations and all bar one of the sample of
planetary nebulae central stars lie within this temperature
range. Therefore, the ionisation correction factor for Zn
3+
can be taken as (O
++
/O)
−1
and the values are listed in
Table 1 for each nebula.
Dinerstein & Geballe (2001) use Ar/Ar
3+
as the ioni-
sation correction factor rather than O/O
++
. Our Cloudy
models show that O
++
/O follows Zn
3+
/Zn more closely
than Ar
3+
/Ar does, hence our choice of species. Addition-
ally, over the temperature range 6 × 104 K to 1.2 × 105 K,
the models show that Zn
3+
/Zn is most closely mapped by
O
++
/O in comparison to all other species included in the
model nebula. This is shown in Fig. 6.
3.5 Elemental abundances
From the calculated ionic abundances and using O
++
/O to
correct for the unobserved ions of zinc, the Zn elemental
abundance is simply:
Zn
H
=
Zn
3+
H
+
O
O
++ (3)
Figure 6. Fractional abundances of a variety of species in com-
parison to the fractional abundance of Zn
3+
over the central star
temperature range 4×104 K to 4×105 K. The species included are
those that most closely follow the fractional abundance of Zn
3+
,
except Fe ions. The dotted vertical lines indicate the central star
temperatures of the sample nebulae.
Outside of the temperature range 5 × 104 K to 1.5 × 105
K, applying this correction will lead to inaccurate results
where the abundance of Zn will be significantly underesti-
mated. Zn/H may be converted to Zn/O using the O/H val-
ues shown in Table 1. As discussed earlier, the value of Zn/Fe
has essentially the solar value for stars with [Fe/H] > −2
(Saito et al. 2009; Umeda & Nomoto 2002; Sneden et al.
1991), which includes all of our targets. Thus, it is possible
to convert from [Zn/H] and [Zn/O] to [Fe/H] and [Fe/O]
using the solar ratio of Zn/Fe.
4 RESULTS
The results are shown in Table 3 in both logarithmic and
linear forms. The solar elemental abundances are taken from
Asplund et al. (2009). The results from the ISO observations
are not displayed in Table 3 as they are within errors of those
determined from the observations in Dinerstein & Geballe
(2001), but due to their lower resolution had significantly
larger uncertainties.
4.1 Uncertainty considerations
All uncertainties associated with the physical conditions and
chemical composition of the sample nebulae are shown in Ta-
ble 1. The uncertainties on the measured flux ratio are given
in Table 3. These errors have all been combined according
to standard error propagation to give the uncertainties on
the final abundances.
For PNG 040.4–03.1, we have adopted values of ±0.2
and ±0.3 dex for [Zn/H] and [O/Zn] ratios respectively.
There are also further uncertainties associated with the
use of ionisation correction factors. The ionisation correc-
tion factor O/O
++
agrees to within 2% with the value of
Zn/Zn+3 predicted by the photoionization models, except
for NGC 7027 and PNG 019.7+3.2, for which the uncer-
tainty introduced by the ionisation correction is about 10%,
© 2013 RAS, MNRAS 000, 1–??
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Table 3. Abundances of zinc and iron with respect to hydrogen and oxygen for the new sample and the literature sample. Iron abundances
may be calculated from the zinc abundances using the solar ratio of Zn/Fe. Flux ratios are listed in column 3 and are given as the flux of
the [Zn IV] line with respect to to the flux of the H line used, H8−5 unless otherwise indicated. Emissivities are quoted in erg s
−1
cm
−3
.
PNG
ε([Zn IV]) F[Zn IV]/FH Zn
3+
/H
+
Zn/H Zn/O
[Zn/H] [O/Zn]
(×10−21) (×10−2) (×10−8) (×10−8) (×10−5)
004.0− 03.0 7.6± 1.8 4.4± 1.5 0.35+0.16−0.15 0.39+0.28−0.38 13+10−13 −1.0+0.2−0.3 −0.2+0.2−0.3
006.1 + 08.3 7.1± 1.4 2.6± 0.4 0.5± 0.1 0.5± 0.1 1.5± 0.4 −0.9± 0.1 0.70± 0.1
006.4 + 02.0 6.6± 1.3 8.1± 1.1 2.2± 0.6 2.3± 0.9 3± 1 −0.2± 0.1 0.4± 0.2
006.8 + 04.1 6.8± 1.3 5.6± 0.8 1.3± 0.3 1.3± 0.3 2.2± 0.7 −0.4± 0.1 0.5± 0.1
019.7 + 03.2 7.2± 1.4 17.4± 2.5 2.8± 0.7 3.5± 0.9 9± 3 −0.02± 0.10 −0.08± 0.10
040.4− 03.1a 7.2± 1.6 10.0± 1.4 1.8± 0.8 2± 1 6± 5 −0.2± 0.2 0.1± 0.3
355.4− 02.4 6.9± 1.4 24.4± 3.5 5.5± 1.4 7.5± 1.9 12± 3 0.3± 0.1 −0.2± 0.1
NGC 7027 7.4± 1.5 149± 7b 0.88± 0.18 1.3± 0.3 3.4± 0.8 −0.44± 0.08 0.34± 0.09
IC 5117 7.4± 1.5 260± 50b 1.7± 0.4 1.8± 0.5 7± 2 −0.31± 0.10 0.06± 0.12
a: values are an estimate using average values for oxygen ratios in calculations where literature values were unavailable
b: flux are given for the H19−6 transitions and abundances are the mean of those derived from the H19−6 and H20−6 transitions, taken
from Dinerstein & Geballe (2001).
due to the very high and low central star temperatures re-
spectively. The calculated collision strength for [Zn IV] is es-
timated to be accurate to 20% (Keith Butler, priv. comm.),
and the line emissivity should have a similar uncertainty.
The uncertainties in the emissivities of the optical oxygen
lines are likely to be greater due to their strong temperature
dependences.
The sensitivity of the results on the derived physical
input parameters can be examined by comparing the re-
sults derived using the parameters calculated by the Neat
code with those calculated from literature parameters. In
general, the results of [Zn/H] agree to less than 0.08 dex,
which is within the calculated uncertainties of the results.
The only nebula with a difference in [Zn/H] greater than
0.08 dex is NGC 7027, with a difference of 0.14 dex. The
results of [O/Zn] agree to within 0.09 dex for all nebulae
except PNG 006.4+02.0 which has a discrepancy of 0.3 dex.
This difference is primarily caused by an increase in the
value of O
++
/O as derived through Neat in comparison to
that value derived in the literature. In general, the results
are consistent to within calculated uncertainties.
The H8−5 line is asymmetrical in profile and potentially
caused by a blend with a significantly weaker He I emission
line. In order to assess the effect this has on the calculated
abundances, we have calculated abundance ratios for the
four highest signal-to-noise spectra (namely PNG 006.1 +
08.3, PNG 006.4+02.0, PNG 006.8+04.1 and PNG 019.7+
03.2) from both the peak intensities of the H8−5 and [Zn IV]
line and also using the integrated intensities of the H18−6
lines. The results are not significantly different from those
derived using the integrated intensities of the H8−5 line. In
general, [Zn/H] is reduced by 0.1 dex, but the abundance
ratios of some nebulae are entirely unaffected (e.g. PNG
019.7 + 03.2). The abundances derived for NGC 7027 and
IC 5117 are unaffected due to the H19−6 and H20−6 lines
being used in their calculations.
5 DISCUSSION
All calculated ionic and elemental abundance ratios are
shown in Table 3. Our results show a general trend of sub-
solar Zn/H, with the lowest being 10% that of solar.
We have derived [Zn/H] and [O/Zn] in order to calcu-
late the metallicities of the precursor stars of the planetary
nebulae in our sample and to determine whether α elements
such as oxygen are enriched relative to Solar. A range of
O/Zn is shown, with four of the sample nebulae showing
enhancement of O/Zn in comparison to solar values.
PNG 004.0–03.0 shows sub-solar [O/Zn], however the
uncertainties associated with this nebula are large, putting
the solar value well within one sigma. [Zn/H] for this nebula
is the most sub-solar at -1.0, five sigma away from Solar.
Additionally, as discussed in Gesicki et al. (2010), this neb-
ula contains a high density inner region which is likely an
opaque disk. This may be the cause of the unusually low
calculated values.
PNG 355.4–02.4 showed a very intense [Zn IV] emission
line and has the highest F([Zn IV])/F(H8−5) of all the sam-
ple, leading to the highest [Zn/H] in the sample, suggest-
ing that this nebula may simply be more metal-rich than
the Sun . In addition to the high F([Zn IV])/F(H8−5) ratio,
no Humphreys emission lines were detected in PNG 355.4–
02.4. It is possible that this nebula could be hydrogen-poor
rather than zinc-rich, although the low signal-to-noise ratio
in this spectrum may be the cause of the non-detections of
the Humphreys emission lines . The 3.625 µm line has sev-
eral noise spikes in close proximity, and it is possible a noise
spike could be overlaid on the emission line, significantly
increasing the measured zinc abundance which would also
account for the high value of [Zn/H].
PNG 006.1+08.3, PNG 006.4+02.0 and PNG
006.8+04.1 show α enhancement, with oxygen being
enhanced over zinc by factors of 5, 2.5 and 3 respectively.
PNG 006.4+02.0 and PNG 006.8+04.1 both have signif-
icantly sub-solar [Zn/H]. PNG 006.1+08.3, on the other
hand, shows a [Zn/H] ratio that is more in line with Solar.
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Table 4. Heliocentric (R) and calculated Galactocentric dis-
tances (RG) and l and b coordinates for all sources. Heliocentric
distances and calculated Galactocentric distances are accurate to
20%.
PNG R (kpc) l (deg) b (deg) RG (kpc)
004.0− 03.0 8.4 4.087 -3.005 0.79
006.1 + 08.3 8.0 6.188 +8.362 1.6
006.4 + 02.0 5.2 6.455 +2.015 3.4
006.8 + 04.1 6.8 6.805 +4.160 2.0
019.7 + 03.2 5.8 19.752 +3.273 3.6
040.4− 03.1 9.5 40.441 -3.157 6.0
355.4− 02.4 5.8 355.444 -2.467 2.8
NGC 7027 1.1 84.930 -3.496 8.5
IC 5117 8.2 89.873 -5.134 12
These results imply that these three nebulae are, to varying
degrees, enhanced in α-elements over zinc.
PNG 019.7+03.2, a disk nebula, is consistent with Solar
for both Zn/H and O/Zn.
Due to the lack of optical spectroscopy for the proba-
ble disk planetary nebula PNG 040.4-0.3, it was necessary
to assume values for its electron temperature, electron den-
sity, and ionic and elemental oxygen abundances. Its Zn/H
and O/Zn values are consistent with Solar, within estimated
errors, however the results should be recalculated if optical
spectra for this nebula become available.
The well-studied disk nebula NGC 7027 displays Zn/H
at approximately 1/3 that of the Solar value, whilst being
enhanced in O/Zn by a factor of 2. This deviation from Solar
may be explained in part by its large size of 14 arcseconds.
The zinc observations and optical observations were taken
with different slit widths at different orientations, and there-
fore will not trace the same regions of gas. In such a large
nebula, this effect could be significant and could cause the
underestimation of the zinc abundance by the slit losses be-
ing different for different elements. For the majority of the
other nebulae, the slit and nebulae have similar sizes mean-
ing that this is less likely to cause discrepancies.
IC 5117 has a lower Zn/H ratio than solar by a factor
of two, whilst being consistent with solar for O/Zn.
Two of the sample nebulae, PNG 006.1+08.3 and PNG
006.8 + 04.1, show significant enhancements in [O/Zn] such
that when errors are taken into account, they still lie at
values greater than 0.2 over solar. Both nebulae have central
star temperatures of 7.9 × 104 K, putting them within the
temperature range where O
++
/O maps Zn
3+
/Zn in model
nebulae to within ∼ 2%.
5.1 Metallicity as a function of galactocentric
distance
The planetary nebulae in this sample are at a variety of
Heliocentric distances and Galactic latitude and longitudes.
Transforming these parameters into a Galactocentric dis-
tance can be simply executed via geometry. The distance
between the Sun and the Galactic centre has been taken to
be 8.5kpc.
The l and b coordinates for all sources have been taken
from Cutri et al. (2003) and the Heliocentric distances from
Stanghellini & Haywood (2010), and are shown, along with
their calculated Galactocentric distances (RG), in Table 4.
Figure 7. [Zn/H] against Galactocentric distance of sources.
Fig. 7 and 8 show [Zn/H] and [O/Zn] as a function of
the Galactocentric distances of the observed sources.
Abundance gradients throughout the Milky Way have
been previously studied. For example, Rich (1998) shows
a decline in [Fe/H] from ∼ 0 to ∼ −0.4 over 1000pc in
the Galactic bulge. Results derived specifically from plane-
tary nebulae generally focus on the gradients of O and Ne
through the galaxy. Pottasch & Bernard-Salas (2006), for
example, find that the abundance of oxygen decreases over
the range 3-11 kpc at a rate of −0.085 dex/kpc. Gutenkunst
et al. (2008) derive abundance gradients for a sample of
Galactic Bulge and Galactic Disk nebulae for Ne, S, Ar
and O. They report negative gradients for the abundance
trends of Galactic disk nebulae of between −0.08 and −0.14
dex/kpc. For Galactic bulge planetary nebulae, the results
are less clear, with fits to the abundances having very large
uncertainties. It is clear that the bulge and disk do not share
an abundance trend with Galactocentric distance.
As shown in Fig. 7, from our sample, [Zn/H] appears
to increase with increasing RG until ∼ 4 kpc, in contrast
to Rich (1998) but more in agreement with the results of
Gutenkunst et al. (2008) . After this point, there appears to
be a shallow decline outwards, in agreement with the results
from Pottasch & Bernard-Salas (2006) and Gutenkunst et al.
(2008) . However, due to the small sample size, this must be
taken with caution.
Fig. 8 shows that around half of our sample lie within
one sigma of Solar [O/Zn], with the rest showing enhance-
ment in oxygen. No trend of [O/Zn] with Galactocentric
distance is discernible.
6 CONCLUSIONS
We have derived [Zn/H] and [O/Zn] for a sample of nine
planetary nebulae: seven newly observed nebulae (five from
the Galactic bulge and two from the Galactic disk) and two
which were previously observed by Dinerstein & Geballe
(2001).
Four out of five of those nebulae present in the Galactic
bulge show sub-solar [Zn/H] and elevated [O/Zn]. The re-
maining bulge nebula shows an unusually high [Zn/H] and
low [O/Zn].
One of the two newly observed Galactic disk nebulae,
PNG 019.7+03.2, shows solar abundances for both [Zn/H]
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Figure 8. [O/Zn] against Galactocentric distance of sources.
and [O/Zn], whereas the other, PNG 040.4–03.1, shows
sub-solar [Zn/H] and elevated [O/Zn]. The latter, however,
should be taken with caution as values for ionic abundances
and nebular temperatures and densities could not be com-
puted as sufficient optical spectra were not available in the
literature.
The two nebulae, NGC 7027 and IC 5117, as observed
by Dinerstein & Geballe (2001) show [Zn/H] lower than So-
lar by more than a factor of 2. NGC 7027 also exhibits an
enhanced [O/Zn] ratio in comparison to Solar, whereas IC
5117 displays [O/Zn] which is in line with Solar. The dis-
tinct difference from Solar values in NGC 7027 may be at-
tributable to the large size of the nebula (14 arcseconds)
resulting in a significant difference between the slit losses of
the optical observations, from which the nebular tempera-
ture, densities and oxygen abundances were derived, and of
the infra-red observations, from which the zinc abundances
were derived.
Overall, we have found the majority of this sample to
exhibit sub-solar [Zn/H], with the lowest being 10% that of
Solar. Half of the sample show [O/Zn] in line with the Solar
value while the remaining half show enhancement in [O/Zn].
This will be further explored in a future paper that will
present [Zn IV] observations of a larger sample of planetary
nebulae from a wider range of Milky Way populations, and
provide a broader context for our results on the Galactic
bulge nebulae.
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